The recent success in the development of high precision printing techniques allows one to manufacture free-standing polymer structures of high quality. Two-photon polymerization lithography is a mask-less technique with down to 100 nm resolution that provides full geometric freedom. It has recently been applied to the nanofabrication of X-ray compound refractive lenses (CRLs). In this article we report on the characterization of two sets of CRLs of different design produced by two-photon polymerization induced lithography. 
Introduction
X-ray lenses are relatively young optical devices -the very first experiment on focusing of X-rays by refractive lens was reported only two decades ago [1] . Since then, X-ray lenses experienced a rapid progress and are now widely used at synchrotron radiation sources around the world [2] . They are made of many different materials, such as Be, Al, Si, SU-8, or Diamond. The most popular lens type is the doubly-curved rotationally parabolic Be lens [3] . They combine a large physical aperture with a high transmission and can deliver a high flux to the sample. Their best reported resolution is in the order of 100 nm [4, 5] . Despite the high flux, these lenses are not very popular for nanoprobe applications due to their limited resolution and the presence of aberrations [5] .
Higher spatial resolutions have been achieved with Si planar lenses, so-called nanofocusing lenses (NFLs), which are manufactured by planar structuring of silicon. Focal spot sizes on the order of 50 nm and below are achieved routinely. NFLs are used in X-ray scanning and even full-field microscopes at PETRA III and ESRF [6] [7] [8] . The record resolution of 18 nm was achieved with adiabatically focusing lenses [9, 10] . Despite the high resolution Si NFLs have a drawback: their relatively high absorption is limiting the total flux in the nanobeam, moreover the technologically limited depth of etching narrows the physical aperture of the lens, which reduces the total flux in the focus due to the crossed geometry.
Two-photon polymerization induced lithography has attracted increasing attention in particular due to the possibility to manufacture lenses out of amorphous materials with very high threedimensional shape accuracy. Several groups have already reported X-ray compound refractive lenses (CRLs) manufactured by two-photon absorption lithography [11, 12] . So far, the quality and performance of those lenses have not assessed experimentally. In this article we report on the ptychographic characterization of two lens sets, one stacked vertically like a tower, the other stacked horizontally like a train, manufactured by two-photon absorption lithography.
Compound refractive lens (CRL) manufacturing
Two-photon absorption lithography is based on nonlinear absorption in the focal volume. The threshold character of the polymerization process provides 100 nm scale resolution, while the nonlinear character of absorption ensures transparency of out-of-focus material and controllable intensity within focal volume. To provide sufficient intensity values (above the threshold) ultrashort IR lasers and high-numerical-aperture objectives are used. The materials that are implemented for this lithographic technique include amorphous epoxy resists (SU-8), acrylate resists (IP series from Nanoscribe), and hybrid organic-inorganic resists (ORMOCOMP, SZ 2080).
In general, there are two geometries to print CRLs on a substrate: as a lens tower where the optical axis is perpendicular to the substrate ( Fig. 1 (a) -vertical orientation) and as a lens train where the optical axis is parallel to the substrate ( Fig. 1 (b) -horizontal orientation) . We have manufactured and tested lenses of both types.
X-rays 
Compound refractive lenses in vertical or tower design
In the vertical geometry with the optical axis perpendicular to the substrate [cf. Fig. 1(a) ], the optical axis of the lens can be aligned with that of the laser exposure system. This is advantageous because the printing voxel is anisotropic, with the extent along the optical axis about 2.5 times the lateral extent, depending on the objective [13] . Consequently, in this configuration one can write the curvatures in the two focusing directions with the same resolution and local crosslinking strain characteristics. This is expected to lead to minimized astigmatism. The lens structures with this geometry were fabricated using a Nanoscribe Photonic Professional GT at the Laboratory of Micro-and Nanotechnology of the Paul Scherrer Institute (PSI). We used the Nanoscribe IP-S resist in dip-in lithography mode, with a 25× objective (NA = 0.8). The lateral voxel displacement was effectuated by the system's mirror galvanometer system, providing maximum writing speed, while a piezo motor was used for displacement along the optical axis. The piezo travel range sets a limit of 300 µm on the length of the CRL, which could be extended to the mm range with stitching in z direction using the mechanical microscope stage. Both hatching and slicing of the lens geometry for exposure were performed with a spacing of only 100 nm, which is significantly less than the voxel size, to minimize surface roughness. Furthermore, the vertical geometry requires a high X-ray transmission substrate, in this case a 250 nm thick Si 3 N 4 membrane.
To estimate the refractive index decrement, we use the chemical composition of the main constituent, the acrylate resin (C 14 H 18 O 7 ), and a density of 1.2 g cm −3 , which is 2 % higher than the uncrosslinked resin density. Using these parameters, we obtain a refractive index decrement of 3.94 × 10 −6 at 8.2 keV photon energy. The parabola apex radius R was chosen as 3 µm and the aperture of the lens was a square with 42 µm edge length. This geometry allows three curved surfaces to be printed within the range of the piezo scanner without making use of stitching with the mechanical microscope stage; see Fig. 2 for scanning electron microscope images of the resulting structure. The rotational paraboloid of the lens has to be cut on at least one side to allow the developer liquid access to the whole geometry, resulting in a square aperture with rounded edges.
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Fig. 2:
Scanning electron microscopy image of compound refractive lens (left) in vertical or tower geometry and of its entrance aperture (right).
Compound refractive lenses in horizontal or train design
For this design, the ORMOCOMP photoresist from Micro Resist Technology GmbH was used for microfabrication. The molecular formula is C 21 SO 8 SiH 36 . The density of cross linked polymer material is estimated to be 1.22 g cm −3 . The exposure of the resist was performed from top to bottom in a cell containing uncrosslinked photoresist. The thickness of the cell was approximately 120 µm and was controlled by two pieces of adhesive tape (Fig. 3, top) . A fast steering mirror provided the beam-waist movement within the sample plane (XY ) with the accuracy of 3 nm in the field of 150 µm × 150 µm and a piezoelectric stage moved the laser beam waist in a perpendicular direction (Z) with the accuracy of 5 nm in the travel range of 200 µm. High-aperture oil-immersion objective (NA = 1.4) focused radiation from Vitara Coherent Ti:sapphire femtosecond laser (800 nm, 80 MHz, 50 fs). The exposure parametersaverage power of incident radiation and beam waist speed -were 26 mW and 1200 µm s −1 , respectively.
The printing process was conducted in a layer-by-layer manner with linear infill and 3 perimeters. To provide better mechanical stability and enhanced adhesion to the substrate first 50 layers were printed with 200 nm slicing and hatching distances. The remaining layers had the slicing and hatching distances of 250 nm.
Finite values of field of view and of the working distance of focusing objective imposed limitations on CRL geometry. The aperture of individual lens was R 0 = 50 µm, and the radius of curvature of parabolic profile was R = 10 µm (Fig. 3, bottom) . Two sets of horizontally stacked CRLs were manufactured. They comprised of 8 and 9 individual lenses printed in a row. The distance between individual lenses was chosen to be 120 µm in order to minimize the proximity effect.
The CRLs were characterized by scanning electron microscopy (SEM). The SEM images show that individual lenses suffer from slight ellipticity. The difference between minor and major axis was approximately 10 %. A horizontal defect is also observable in the lower part of the entrance aperture [see Fig. 4(right) ]. 
X-ray optical characterization of the Lenses
Consequently even if the object is out of focus, it is possible to propagate the reconstructed wavefield numerically to the focal plane and characterize the focal spot. To date ptychography has proven to be a robust technique and is a standard technique for optics characterization [4, 10, [14] [15] [16] [17] [18] [19] [20] [21] .
The principal experimental scheme is depicted in Fig. 5 . A double crystal Si-(111) monochromator was used to select the desired X-ray energy of 8.2 keV at I13-1 and 9.0 keV at P06. In order to cut-off undesired higher harmonics a pair of total reflection mirrors was used. Lenses were aligned in the beam using translation and rotation stages. Downstream of the lenses and close to their focal plane a two-dimensional resolution test chart (Siemens star) manufactured by NTT-AT was placed. Air scattering downstream of the sample was suppressed by a Helium filled flight tube at I13-1 and an evacuated tube at P06. The distance between source and lens position was around 200 m at I13-1 and around 98 m at P06. 
where f is the focal length and N is the number of doubly-curved lenses in a stack. The refractive index in the X-ray range is typically written in the form n = 1 − δ + i β, where δ is the refractive index decrement (real part) and β describes the attenuation inside the material. The size of the focal spot can be estimated as a convolution of the demagnified geometrical image of the source and the Airy disc, whose width for refractive optics is given by [22] 
where NA = D eff /2 f is the numerical aperture, D eff is the effective aperture, and λ is the wavelength of the incident radiation [22] . In order to characterize the beam produced by the lenses, the test pattern was scanned in the estimated focal plane. Fig. 6 shows an example of the reconstructed phase and amplitude of the test object from one of the scans. 
Characterization of CRLs in tower design
In the first step we have characterized a single free-standing CRL. The test pattern was placed at a lens focal distance of f = 240 mm downstream from the lens, which is three orders of magnitude smaller than the distance to the source. Thus, the image distance of the source approximately coincides with the focal length. Figures 7 (a) and (b) show the beam profiles in the horizontal and vertical planes, respectively, together with their cross sections through the focus. The latter were generated by numerical propagation of the wave field reconstructed via ptychography into the focal plane. The full-width at half maximum (FWHM) focal spot size is d = (820 ± 3) nm as compared to the theoretically expected one of d = 680 nm. The mismatching could be caused by deviations of the lens profile from ideal parabolic shape.
By reducing the focal length, the numerical aperture and be increased, reducing the focal spot size. This is achieved by combining two CRLs with tower design. The test sample was placed into the focus at the reduced distance of f = 120 mm. Figures 7 (c) and (d) contain the beam profiles in horizontal and vertical planes, respectively, and the corresponding cross sections of the beam. The size of the focal spot (FWHM) is d = (490 ± 2) nm, which is slightly larger than theoretically expected d = 420 nm. The mismatching could be caused by deviations of the lens profile from ideal parabolic shape.
In addition we have performed a test of the second set of lenses with similar parameters at the beamline P06 at PETRA III. The results obtained for vertically arranged lenses showed that they are almost devoid of spherical aberrations. The phase profile of the focus (Fig. 8 (a) ) as well as phase profile of the lens exit plane (Fig. 8 (b) ) is completely symmetrical which confirms the absence of astigmatism of the focal spot. A slight mismatching of measured focal spot size with calculations could be induced by shrinking of the lens material during developing process. With knowledge of the degree of shrinkage future lenses can be pre-corrected by stretching of the model.
Characterization of CRLs in train design
Two lens stacks comprised of 9 and 8 individual lenses were studied (9-CRL and 8-CRL respectively). The theoretical values for the focal lengths of the lenses are f = 137 mm for 9-CRL and f = 154 mm for 8-CRL. Fig. 4 , the aperture of the lenses is stretched in the vertical direction, explaining the longer focal length in this direction. This assumption is in full agreement with the phase profile of both the focal spot and the lens exit plane, see Fig. 9 -the beam profile has an elliptical shape (astigmatism). 
Conclusions
We have presented a comprehensive characterization of two sets of plastic lenses manufactured via two-photon polymerization lithography. The two sets of lenses are made of two different types of materials: IP-S and ORMOCOMP. The first lens set, with the optical axis perpendicular to the substrate, demonstrated a very good performance and the almost absence of spherical aberrations. Nevertheless, the increasing number of lenses in a row will result in the introduction of spherical aberrations due to shrinking of the material during printing. Shrinking of the polymer structure occurs during the developing step due to evaporation of the solvent. In order to keep the performance of the lens set at the highest level, the design of the parabolic shape of the lens has to be corrected in order to compensate for this. The second set of lenses, with the optical axis parallel to the substrate suffered from deviations from an accurate parabolic profile. Strong astigmatism coupled with spherical aberrations significantly limited the performance of these lenses. The mediocre beam quality may be explained by the observable defects and the elliptical shape of the entrance aperture. The latter may be explained by the displacement of the specimen along the axis of the printing beam during the exposure. Additional deformations could have been induced by shrinking of the polymer material. However the changes in the dimensions are not isotropic. The lower layers of the printed structures cannot shrink freely, because they are attached to the substrate. Thus, shrinking of the material leads to anisotropic deformation of the CRLs. Due to the fact that the deformations are present in each individual lens, the aberrations are accumulating with the number of lenses. As a result, in the case of horizontal orientation, the manufacturing process becomes more demanding and sensitive to printing parameters. In order to improve the performance of this variant of CRL design the printing process should be accurately corrected.
